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Abstract 

Within the Hartree-Fock approximation the ground state of the composite fermion metal 
is found. We observe that the single-particle energy spectrum is dominated by the 
logarithmic interaction exchange term which leads to an infinite jump of the single- 
particle energy at the Fermi momentum. It is shown that the Hartree-Fock result brings 
no corrections to the RPA Fermi velocity. 
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1. Introduction 

Recently there has appeared a great interest, both theoretical and experimental, in 
studies of the compressible v — 1/2 quantum Hall state. Halperin, Lee and Read (HLR) 
U constructed the theory of quantum Hall states at fractions with even denominators. 
The idea comes from the Jain theory of composite fermions originally stated in the 
context of the fractional quantum Hall effect (FQHE) 0. In close analogy to the Laughlin 
wave function Jain proposed simpler and more elegant way of understanding the FQHE 
phenomenon which consists in attaching an even number (2/) of flux quanta to each 
electron. If one takes an average of fluxes (mean field approximation) will find a partial 
cancelation of the external magnetic field leading to new incompressible states which 
results in the FQHE. As it was noticed in Ref. |J such a construction at v = 1/ (2/) 
leads to a metal-like state (exact cancelation of fields, i.e. the zero effective field) which 
is to some extent verified experimentaly ||. 

The full description of the composite-fermions picture is given in terms of the Chern- 
Simons theory [|J. Despite the mean field there are interaction terms including also a 
three-body term which dominating part is a logarithmic interaction ||. HLR studied the 
linear response of the system within the random-phase approximation. They found that 
the Fermi velocity vanishes so that the effective mass is divergent which is in agreement 
with recent experiments || . However, it is still uncertain whether the self-energy graphs 
not included in the RPA will normalize the effective mass 0, 3 • In this paper we consider 
all first order contributions to the single-particle energy within the Hartree-Fock (H-F) 
approximation. 
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2. Hartree-Fock ground state 



The starting point of our consideration is the Hamiltonian: 

1=1 

where the vector potential from the attached fluxes (Chern-Simons field) is given by 

A,=EA^=^x E i^£il, (2) 

z - a perpendicular to the plane unit vector. The Hamiltonian (1) for integer values of 
/ describes composite fermions in the external magnetic field and for other values of / 
- anyons with statistics parameters = (1 + 2f)ir (an exchange of two anyons produces 
a phase factor of e l@ ). 

The mean field B s is given by the average vector potential: 

A, = E/ IMr^-MV (3) 
p J 

When the effective field is zero, i.e. B s + B ex = 0, we assume that the ground state of the 
system is given by the plane wave: 4> p (rj) = exp(|pr J ). Let us recall the expressions 
for the H-F ground-state energy |3|, [TD[ : 

< H « >= ^ £/ ^JWCPi + A i + A D 2 P (i) , (4) 

< H b >= -— E [ rflrf20+(l)0+(2)A 12 (P! + Ax + Af)0 p (2)0 q (l) , (5) 

2 

< >= / ^1^0+(l)0+(2)|A 12 | 2 P (l)0 q (2) , (6) 

zc m p q j 

2 

< H d >= -^-E / rflrf20+(l)0+(2)|A 12 | 2 p (2)0 q (l) , (7) 

ZC m p,q J 

2 

< # e >= E / ^1^30+(l)0+(2)0+(3)A 12 A 13 p (3)0 q (l)0 k (2) , (8) 

p,q,k 

2 

< #/ >= E / rfl^3|0 p (l)| 2 0+(2)0+(3)A 12 A 13 q (3)0 k (2) (9) 



p,q,k " 



where dl = d 2 ri, sums extend over the Fermi sea and omit elements of two equal 
momentum variables. It was shown in Ref. ]10| that the Hartree-Fock ground-state 
energy < H >= J2i= a < Hi > °f the composite fermion metal is finite and equals: 

<H>=(l + 3f 2 )^E F (10) 

which confirms that the ground state of the system is the Fermi sea. Let us note that 
the result QTD|) agrees with the H-F ground-state energy of composite fermions in the 
FQHE at filling fractions v = 2 fn+x 01 ^ n the li m h n oo (n is a number of occupied 
Landau levels in the effective field). 

The single-particle Hamiltonian is found via the first variation in 0+ of Eqs.(4-9) |J. 
From the variation of < H a > we find: 

#Wp(1) = ^E/ ^20+(2)(P 1 + A 1 + AH 2 q (2)0 P (l) , (11) 

H 2 HF <p p (l) = — E / ^20+(2)A 21 (P 2 + A 2 + Af)0 q (2)0 p (l) . (12) 
The variation of the term < Ht> > leads to the following expressions: 

H 3 HF <j> p (l) = — —J2 I rf20+(2)A 12 (P 1 + Ax + Af )0 q (l)0 p (2) , (13) 

^0p(1) = -— E / rf20+(2)A 21 (P 2 + A 2 + Af )0 q (l)0p(2) , (14) 

2 

H 5 HF <j> p (l) = — ^E / ^30+(2)0+(3)A 32 A 31 q (3)0 k (2)0 p (l) . (15) 

mC q,k J 

Next terms: 

= - i iE/ ^2|0 q (2)| 2 |A 12 | 2 0p(l) , (16) 

2 

^hf0p(1) = -£^E / rf20+(2)|A 12 | 2 q (l)0 p (2) , (17) 

are obtained from the variations of < H c > and < >, respectively. From the variation 
of < H e > one has: 

H 8 HF <f> p (l) = ^Y,J rf2rf30+(3)0+(2)A 12 A 13 q (l)0 k (3)0 p (2) , (18) 

mC q,k 



2 

#Wp(1) = E / ^30+(3)0+(2)A 21 A 23 q (l)0 k (3)0 p (2) , (19) 

mC q,k J 

2 

4V P (1) = A, E / ^30+(3)0+(2)A 31 A 32 q (l)0 k (3)0 p (2) . (20) 

mC q,k J 

And the variation of the last term leads to the expressions: 

2 

tftfVp(l) = "2^2 E / ^30+(2)0+(3)A 12 A 13 q (3)0 k (2)0 p (l) , (21) 
^f0p(1) = -4E / ^30+(2)|0 k (3)| 2 A 31 A 32 q (l)0 p (2) . (22) 

q ,k 

In the following we will calculate eigenvalues of the single-particle Hamiltonian 
Hhf = Ya=\ H l HF . Let us consider first constant divergent terms: 

^ = ^/ rf2 >T^r < 23 > 

n _ 2/V 1 1 

where p p = ^n) 2 • Identifying 7re 2 and 7r5 2 with the area per one particle in the real and 
the momentum space, respectively, we can write (nR 2 = S): 

= Af 2 E F lim In — = 2f 2 E F lim In N , (25) 

R^oo e N— »oc 

& F = -2/ 2 £ F (hmln^f - \) = -f 2 E F (hm InN - 1) (26) 

where p F is the Fermi momentum. In H}j F we recognize the logarithmic interaction 
exchange term: 

m P Pq t P lp-ql 2 ' (27) 



We have also: 



&' = k< (28) 

£hf = £hf = £.hf = £hf = • (29) 
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In remaining terms it is convenient to separate the cases of |p| < pp and |p| > pp. We 



obtain 



2 I I 

e HF (\p\ < Pf) = 2/ 2 |- - 2f 2 E F , e HF (\p\ > p F ) = Af 2 E F In M 
Am pp 



(30) 



e HF (\p\ < Pf) = & F (\p\ < Pf) = "2/ 2 |^ + 2fE F , (31) 

&f(\p\>Pf)=£hf(\p\>Pf) = 0, ( 32 ) 
e H \(\p\ < Pf) = 2f 2 ^ , ^° F (|p| > p F ) = 2fE F ^ . (33) 
Finally we can write: 

Chf(\p\ <Pf) = P + 3fE F + pE F lim IniV - ^-^ £ (34) 
2m w-oo np p £? p \p- q| 2 

and 

^(|p|>^) = ^ + 2/ 2 ^(21nM + I + 4) + / 2 ^ lim lniV-^ £ 

2m pp 2 p 2 JV-+°o vrp p ^ 

Let us now perform explicitly the sum in Eq. fl3~4|). One finds: 
For |p| > Pf the sum equals: 

Siirhr 4 »r* /,'T- (37) 

q^ p IP HI J o \JPf~ p (sin^J 



2 ' 

(35) 



where sin a = 2s. . To see the most important feature of the single-particle energy 
spectrum it is enough to use the following estimation: 

(\- ^ #<r*, PSin ^ # = ^lnP±^. (38) 
70 \/p 2 f -P 2 (smi;) 2 J o 2 y/ p 2 _ p 2( sin ^)2 4 p-p F 

If only (pp —p') > and (p" ~Pf) > are not infinitesimal the dominating contribution 
to the energy difference £ (p") — £ (p') is greater than 

Cip") - £(p') > 2f 2 E F Win + ln 2l^£) ( 39 ) 
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which is divergent. Hence, there is an infinite jump of the single-particle energy at the 
Fermi momentum. 

An infinite gap (or jump) in the single-particle energy spectrum appears to be the 



characteristic feature of the Hartree-Fock ground state of Chern-Simons systems 0, |Tl 
However, in the present case this feature has no physical meaning due to the screening 
of the logarithmic interaction in the RPA Q. This makes the physics distinct from that 
of the anyon superconductor where the logarithmic interaction remains unscreened and 



single-particle excitations are vortices [12 



In the composite fermion metal the RPA Fermi velocity vanishes 0. One can see in 
Eqs. ([34], |35|) that the only H-F contributions to the Fermi velocity comes from ^ F and 



£hp- However, the free term ^jj F and the logarithmic interaction exchange term C,jf F 
were included in the analysis of HLR, thus the Hartree-Fock result brings no corrections 
to the HLR conclusions. 



3. Conclusions 



The Hartree-Fock single-particle energy spectrum of the composite fermion metal 
is found. The dominating contribution is the logarithmic interaction exchange term 
which produces an infinite jump of the single-particle energy at the Fermi momentum. 
However, this feature has no physical meaning due to the screening of the logarithmic 
interaction in the RPA. We find also that the Hartree-Fock terms not included in the 
RPA bring no corrections to the Fermi velocity. 



7 



References 



[1] B. I. Halperin, P. A. Lee and N. Read, Phys. Rev. B 47 (1993) 7312 

[2] J. K. Jain, Phys. Rev. Lett. 63 (1989) 199; Phys. Rev. B 40 (1989) 8079 

[3] V. J. Goldman, B. Su, and J. K. Jain, Phys. Rev. Lett. 72 (1994) 2065; R. L. Willett, 
R. R. Ruel, K. W. West, and L. N. Pfeiffer, Phys. Rev. Lett. 71 (1993) 3846; 
W. Kang, H. L. Stormer, L. N. Pfeiffer, K. W. Baldwin, and K. W. West, Phys. 
Rev. Lett. 71 (1993) 3850 

[4] A. Lopez and E. Fradkin, Phys. Rev. B 44 (1991) 5246; Phys. Rev. B 47 (1993) 
7080 

[5] Y. Chen, F. Wilczek, E. Witten, and B.I. Halperin, Int. J. of Mod. Phys. B 3 (1989) 
1001 

[6] R. R. Du, H. L. Stormer, D. C. Tsui, A. S. Yeh, L. N. Pfeiffer, and K. W. West, 
Phys. Rev. Lett. 73 (1994) 3274; H. C. Manoharan, M. Shayegan, and S. J. Klepper, 
Phys. Rev. Lett. 73 (1994) 3270 

[7] S. H. Simon and B. I. Halperin, Phys. Rev. B 48 (1993) 17368; S. He, S. H. Simon 
and B. I. Halperin, Phys. Rev. B 50 (1994) 1823 

[8] Y. B. Kim, A. Furusaki, X-G. Wen and P. A. Lee, e-mail preprint 
cond-mat /9405083| @babbage .sissa.it 



[9] C. B. Hanna, A. L. Fetter and R. B. Laughlin, Phys. Rev. B 40 (1989) 8745 
[10] P. Sitko, Phys. Lett. A 188 (1994) 179 
[11] P. Sitko, Mod. Phys. Lett. B 8 (1994) 375 

[12] Q. Dai, J. L. Levy, A. L. Fetter, C. B. Hanna and R. B. Laughlin, Phys. Rev. B 46 
(1992) 5642 



8 



